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Abstract
We show how light can be controllably transported by light at microscale dimensions. We design
a miniature device which consists of a short segment of an optical fiber coupled to transversally-
oriented input-output microfibers. A whispering gallery soliton is launched from the first microfiber
into the fiber segment and slowly propagates along its mm-scale length. The soliton loads and
unloads optical pulses at designated input-output microfibers. The speed of the soliton and its
propagation direction is controlled by the dramatically small, yet feasible to introduce permanently
or all-optically, nanoscale variation of the effective fiber radius.
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Transportation of objects by other objects, both at the macroscale and microscale, is an
evident constituent of the evolution of nature in general and living beings in particular. At
the macroscale, we travel and carry things from one place to another and use machines to
make it easier and faster [1]. At the microscale, human-guided transportation and manip-
ulation of objects is of great multidisciplinary importance with applications ranging from
medical and life science to nanomaterial science, bionanotechnology, and nanoelectronics
[2–4].
In microphotonics, addressed in this paper, we can separate the micro-objects un-
der study into those constituted of matter (e.g., waveguides, microresonators, and mi-
cro/nanoparticles) and those constituted of light (e.g., optical waves, pulses, and localized
states). Consequently, at the microscale we distinguish the transportation and manipulation
of (a) matter by matter, (b) light by matter, (c) matter by light, and (d) light by light.
There are numerous examples when matter micro/nano-objects are controllably trans-
ported and manipulated by other matter micro/nano-objects. The developed approaches of-
ten resemble the manipulation of macroscopic objects with mechanical, electro-mechanical,
and magnetic tools [2–4]. In particular, at the atomic-scale dimensions, the transportation
and manipulation of atoms and nano-objects are possible with an atomic force microscope
(AFM) [5–7] (Fig. 1(a)).
Transportation of light by material micro-objects is possible as well. For example, optical
microresonators are used to confine and manipulate light at the microscale [8, 9] (Fig. 1(b)).
They are commonly considered at rest with respect to the laboratory system of reference
[8–10]. Generally, the translation of a microresonator with constant speed does not affect the
behavior of localized states residing in it [11]. However, accelerated translation, vibration
and rotation can significantly perturb the resonant states [12–16]. In the simplest case, light
confined in a microresonator can be transported mechanically using a “truck” in the form
of a translation stage. In another example, controlling the perturbation of an eigenstate in
a rotating microresonator allows one to use it as a miniature gyroscope [14, 15].
In turn, light in the form of optical tweezers can confine and manipulate matter micro-
objects [17, 18]. For example, light waves can localize microparticles close to their antinodes
by the gradient and scattering forces (Fig. 1(c)). In addition, propagation of light through
nonlinear media allows the manipulation of light itself, such as modification of its spectrum
and self-localization at the microscale. Examples of current significant interest include fre-
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FIG. 1: Matter by matter, light by matter, matter by light, and light by light transportation at the
microscale. (a) An AFM tip translating atoms at the solid surface. (b) An optical microresonator
translating an optical eigenstate. (c) An optical tweezers translating micro-objects. (d) An optical
soliton translating an optical eigenstate.
quency comb generation [19, 20], optomechanical processes [21] and formation of solitons
[20, 22–24]. Conventionally, for telecommunication applications, broadband picosecond and
sub-picosecond temporal solitons are used [22, 23]. Broadband solitons have been studied
in application to the frequency comb generation [19, 20]. Slow broadband solitons with
picosecond duration have been demonstrated in photonic crystals [25, 26]. Slow narrow-
band solitons, which may have much smaller propagation speed, can be realized in periodic
microstructures provided that the soliton central frequency is close to the band gap edge
[27–29].
However, can we use light as optical tweezers for light? Is it possible to confine and
translate light controllably and all-optically at the microscale? The natural approach to
answer this question is to consider a soliton as a moving microresonator which can confine
and transport weaker light and, thus, be used as a micro-truck for light (Fig. 1(d)). This may
be possible since the electric field E of a soliton propagating along an optical fiber induces a
change in the refractive index ∆n ∼ |E|2 due to the non-linear Kerr effect [18, 19]. Therefore,
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FIG. 2: Illustration of the conveyance of a weak optical pulse by a soliton. MF0, MF1, and MF2 are
the input-output microfiber waists of biconical tapers coupled to the optical fiber segment. WGS
is a whispering gallery soliton, WGE is a relatively weak whispering gallery pulse or an eigenstate
transported by the WGS. MF2 serves as the WGS source and MF1 and MF2 serve as stops where
the WGE is loaded and unloaded.
the soliton field (as well as the field of any other sufficiently strong optical pulse) can act
as a moving effective potential well which traps and transports an optical signal. Three
decades ago, transportation of a localized optical state by an optical soliton was proposed
[30, 31]. This beautiful idea did not attract much attention because a realistic device, which
enables the all-optical transportation of a relatively weak state of light including its loading
and unloading, has not been suggested to date.
In this paper, we describe a microdevice where relatively weak optical pulses and eigen-
states are transported between input and output ports by a soliton (Fig. 2). It consists of an
uncoated optical fiber segment (FS) coupled to three transverse input-output microfibers,
MF0, MF1 and MF2. In our model, a whispering gallery soliton (WGS) is formed by reso-
nant excitation of a whispering gallery mode launched by the MF0 inside the FS. The WGS
slowly propagates along the surface of the fiber and further slows down near MF1 where
a relatively weak whispering gallery pulse or eigenstate (WGE) is loaded. Similar to the
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slow linear propagation of whispering gallery modes realized in SNAP technology [32–35],
we engineer the nanoscale variation of the fiber effective radius (corresponding to the sub-
GHz variation of the cutoff frequency) so that the soliton can slow down, stop, as well as
reverse its propagation direction. In particular, the WGS can continue its propagation to
MF2 where the WGE is unloaded, or turn back before reaching MF2 and unload the WGE
back into MF1. Furthermore, we suggest that the required dramatically small variation of
the fiber parameters along its length can be introduced all-optically.
A pulse with central angular frequency ωs is coupled into the FS from MF0 forming a
whispering gallery mode, which is enhanced due to the constructive self-interference. As a
result, a WGS with central frequency ωs is formed. It is assumed that ωs is close to the
cutoff frequency ω
(cut)
s (z) of the FS, which is slowly varying along the FS axis z. Due to
the proximity of ωs and ω
(cut)
s (z), the axial speed of the created WGS and is small and, for
this reason, sensitive to a small variation of ω
(cut)
s (z). Similarly, the central frequency of a
weak WGE, ωe, different from ωs, is close to a slowly and weakly varying cutoff frequency
ω
(cut)
e (z). Due to the small cutoff frequency variations ∆ω
(cut)
s,e (z) = ω
(cut)
s,e (z)− ωs,e assumed
here, the expression for slowly propagating whispering gallery modes can be factorized as
Rms,eps,e(r)e
ims,eϕψs,e(z, t)e
−iωs,et where ms,e and ps,e are azimuthal and radial quantum num-
bers. Consequently, the propagation of a narrow bandwidth WGS with central frequency ωs
and a WGE with frequency ωe 6= ωs along the fiber axis coordinate z is determined by their
amplitudes ψs(z) and ψe(z). These functions are defined by a system of coupled nonlinear
Schro¨dinger equations, which are similar to those commonly used in nonlinear fiber optics
[22, 30, 31] where the temporal and spatial coordinates are interchanged [27, 28, 36, 37].
Assuming |ψs(z)|  |ψe(z)| we have:
i∂tψs = −1
2
κs∂
2
zψs +
[
∆ω(cut)s (z) + iγs + κs
2∑
j=1
Dsjδ(z − zj)− ωsn2
nsAss
|ψs|2
]
ψs + Js(t)δ(z − z0)
(1a)
i∂tψe = −1
2
κe∂
2
zψe +
[
∆ω(cut)e (z) + iγe + κe
2∑
j=1
Dejδ(z − zj)− 2 ωen2
neAse
|ψs|2
]
ψe + Je(t)δ(z − z1)
(1b)
Here κs,e = c
2/(n2s,eωs,e), c is the speed of light, ns and ne are the refractive indices of the
FS at frequencies ωs and ωe, n2 is its nonlinear refractive index, δ(z) is the delta-function,
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and Ass, Ase are the effective mode areas defined in [22] and Appendix A1. The terms
Js(t)δ(z− z0) and Je(t)δ(z− z1) in Eqs. (1a) and (1b) determine the soliton and weak pulse
sources at microfibers, which are specified below. Parameters Dsj and Dej are the coupling
of the FS to microfibers at frequencies ωs and ωe determined in Ref. [34]. For a single
input-output microfiber with a source, Eq. (1a) coincides with that obtained previously in
[37].
To estimate the characteristic parameters of our device, we assume that the FS is uniform.
Then Eqs. (1a) and (1b) can be solved analytically [22] yielding for WGS:
|ψ(0)s (z, t)|2 = Ps sech2
(
z − vst
Ls
)
, Ps =
c2Ass
nsn2ω2sL
2
s
, (2)
where Ps is the soliton peak power, Ls is the soliton characteristic width and vs is the
soliton velocity. After the substitution of |ψ(0)s (z, t)|2 from Eq. (2), Eq. (1b) describes the
propagation of the WGE along the FS with time-dependent cutoff frequency ω
(cut)
e (z) −
∆ωmaxe sech
2
(
z−vst
Ls
)
where
∆ωmaxe =
2c2ωeAss
nensω2sL
2
sAse
= 2Ps
ωen2
neAse
. (3)
Eq. (3) determines the maximum variation of the cutoff frequency caused by the WGS.
Assuming that the WGE have the same speed as the WGS, we look for the solution of
Eq. (1b) in the form ψ
(0)
e (z, t) = Φ(x)eiαx+iβt, which depends on the dimensionless relative
coordinate x = z−vst
Ls
. Then Φ(x) satisfies the equation
d2Φ(x)
dx2
+
(
− η sech2 x)Φ(x) = 0, η = 2neω2eAss
nsω2sAse
, (4)
where  = L
2
s
c4
[
2n2eωec
2(∆ωe + β) − v2sn4eω2e
]
. Parameter  can be tuned by varying ∆ωe =
ω
(cut)
e − ωe. The eigenvalues m of Eq. (4) corresponding to the localized states Φm(x) are
m = −(ξ −m)2, ξ =
√
η + 1/4− 1/2 (5)
and the index m = 0, 1, ..., [ξ]. The integer part of ξ, [ξ], is the total number of localized
eigenstates that the WGS can support. If η < 2 then Eq. (4) has a single eigenstate
Φ0(x) = sech
ξ x. For small values of η we have ξ ≈ 2η, 0 ≈ 4η2 , and the characteristic
width of this eigenstate is xw = 1/η which corresponds to the WGE axial width zw = Ls/η.
6
MF0 MF1 MF2 MF0 MF1 MF2 MF0 MF1
FS FS FS
(a1) (a2) (a3)
(b1)
(c1)
(d1)
(e1) (e2)
(d2)
(c2)
(b2) (b3)
(c3)
(d3)
(e3)
FIG. 3: Transportation of a WGE by a WGS. (a1), (a2), and (a3) Variation in the cutoff frequency
introduced to control the speed of the WGS in the three cases considered (solid blue, dashed red,
and dash-dotted green curves). (b1), (b2) and (b3) Evolution of WGS. (c1), (c2) and (c3) Variation
of the WGS peak power as it propagates along the fiber. (d1), (d2) and (d3) Evolution of WGE
positioned at the ground state of the WGS-induced quantum well. (e1), (e2) and (e3) Variation
of the maximum of the WGE as it propagates along the fiber for different coupling coefficients
with microfiber MF2 (red curves: Ds2 = 0.005i µm
−1 and De2 = 0; blue curves: Ds2 = 0 and
De2 = 0.05 µm
−1; green curves: Ds2 = 0.005i µm−1 and De2 = 0.05i µm−1)
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Fig.3 shows three exemplary voyages of a WGE transported by a WGS along a silica FS
with radius r0 = 20 µm found by numerical solution of Eqs. (1a) and (1b) (see Appendix
A1). This figure includes three examples with the cutoff frequency variations shown in Fig.
3(a1), (a2), and (a3), corresponding to acceleration, slowing down, and stopping of WGS
between MF1 and MF2. We design the FS profile to satisfy the condition of adiabaticity,
which ensures that the shapes of WGS and WGE are not altered significantly during the
propagation. In addition, the speed of the WGS near MF1 and MF2 is set to enable loading,
safe transporting and unloading of the WGE. The central frequency of the input source in
Eq. (1a) generating the WGS at MF0 is set to ωs/2pi = 225 THz. In order to arrive at the
minimum possible WGS speed, this frequency is assumed to coincide with the value of the
FS cutoff frequency at MF0. The characteristic width, speed, and duration of the created
soliton is Ls ∼ 50 µm, vs ∼ 0.5 mm/ns and Ts ∼ 100 ps. The frequency of the plane wave
entering the FS from MF1 and forming the WGE is set to 195 THz plus a small shift to
match one of the possible eigenfrequencies of the WGS-formed potential well. Attenuations
of WGS and WGE are set to γs,e = 3 MHz (corresponding to a Q-factor ∼ 2 · 108 at
frequency ω/2pi = 190 THz [38, 39]. Other parameters of our devices are described in the
Appendix A1. The height of the potential well formed by the WGS found from Eq. (3)
is ∆ωmaxe /2pi ∼ 2.6 GHz, while the WGS maximum power is Ps ∼ 70 kW. From Eq. (5),
this potential well can only support a single WGE. For the WGS to survive and in order to
minimize the WGE perturbation during its loading and unloading, it is critical to minimize
the WGS coupling to MF1 and MF2 while keeping the WGE coupling large. This can
be achieved by appropriate phase-matching microfiber-WGE coupling at frequency ωe and
phase unmatching of microfiber-WGS coupling at frequency ωs [40]. In our modeling, we
set Ds1 = Ds2 = 0.005i µm
−1 and De1 = De2 = 0.05i µm−1, where the latter correspond to
characteristic experimentally observed values [34, 41]. We found that the real parts of these
coupling parameters with the same order of magnitude do not noticeably modify the WGE
(blue curve in Fig. 3(e1), (e2)). This is the reason why they are set to zero.
Figs. 3(b1)-(b3) show the propagation of the WGS considered in the examples. In Fig.
3(b1), the WGS speed in the intervals between input-output microfibers is 4.7 · 105 m/s =
0.0016c and decreases to 0.9·105 m/s = 0.0003c near MF1 and MF2 for loading and unloading
the WGE. Fig. 3(b2) shows the propagation of the WGS when its speed is reduced to
1.3 · 105 m/s = 0.00044c in between microfibers. In Fig. 3(b3), the WGS stops in between
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MF1 and MF2 and returns back to MF1 to unload the WGE (see [32] for the analogue
dispersionless propagation of a linear pulse). Figs. 3(c1)-(c3) show the variation of the
WGS power during its propagation. In order not to destroy the WGS due to its leakage
through MF1 and form an almost pure first order soliton ideal for transportation of signals
between MF1 and MF2, the WGS original power was made high enough. Finally, Figs.
3(d1)-(d3) and Figs. 3(e1)-(e3) describe the loading, transport, and unloading of the WGE
corresponding to the ground eigenstate of the WGS-formed quantum well. In order to load
this eigenstate into the WGS-formed quantum well, we tuned the frequency of the input wave
to match the frequency of this eigenstate. The detuning of the ground WGE eigenfrequency
δω/2pi from the FS cutoff frequency is 0.88 GHz. Notice that a relatively small coupling
Ds2 still contributes to the WGE dissipation into the FS. The latter is found by setting
De2 = 0 (red curves in Fig. 3(e1)-(e3)). Taking this dissipation into account, we find that,
for the De2 = i0.05 µm
−1 chosen, more than 70% of the WGE power is unloaded into MF2.
Obviously, the amount of unloaded power can be improved by increasing De2. Generally, the
evolution of a WGS-trapped WGE pulse with frequencies distributed within the quantum
well bandwidth (rather than coinciding with its eigenvalue) can be quite complex [42–44].
Thus, as in the case of slow linear propagation of whispering gallery modes [32–35], the
speed of a slow WGS can be controlled by the dramatically small variation of cutoff frequency
along the optical fiber length. Such WGS can serve as a moving optical microresonator – a
soliton micro-truck – enabling programmed transportation of optical pulses and eigenstates
including their loading and unloading. Various other examples of transportation of a weak
signal by solitons as well as by optical pulses having power below the soliton formation
threshold can be considered. Of special interest is the investigation of nonadiabatic processes
during the transportation of a WGE [45], its loading, and unloading. The characteristic peak
power and duration of a WGS propagating along a silica fiber considered here, are 100 kW
and 100 ps, respectively. Such strong pulses may result in fiber damage (see Appendix A3
and Refs. [46, 47]). Therefore, further optimization of the carrier pulse parameters and its
speed may be required. However, according to our estimates (see Appendix A3), these pulses
do not introduce a significant temperature variation. For chalcogenide and hydrogenated
amorphous silicon (a-Si:H) fibers, which have larger nonlinearity, the peak power of the
WGS can be two orders of magnitude smaller [48, 49]. As it is well-known from quantum
mechanics [50], the one-dimensional potential well induced by a WGS can always hold at
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least one optical eigenstate despite of its shallowness. One of the intriguing conclusion of our
findings is that the WGS speed can be fully controlled by unexpectedly small variation of the
cutoff wavelength ∆ω
(cut)
s ∼ 1 GHz, which, for the fiber radius r0 ∼ 20 µm, corresponds to
an effective radius variation of r0∆ω
(cut)
s /ωs ∼ 0.1 nm. The fabrication precision achievable
in SNAP technology [32, 35] makes the introduction of such dramatically small variations
feasible. Furthermore, these variations can be induced all-optically. In fact, the amplitude
of mechanical vibrations of an optical microresonator, which are induced by whispering
gallery modes, can be tuned up to 10 nm [51]. For the microresonator with radius r0 ∼
20 µm considered in [51], this corresponds to a cutoff frequency variation exceeding 10 GHz.
Launched through the same or additional control input-output microfibers, these modes can
temporary induce the required variation of the cutoff wavelength. In this case, the behavior
of WGS (or a carrier pulse with power below the soliton threshold) and WGE are determined
by the same pair of Eqs. (1) where the cutoff frequency variations ∆ω
(cut)
s,e (z, t) now depend
on time t. Thus, the device described here potentially enables the all-optically controlled
transportation of light by light at the microscale.
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Appendix
A1. Numerical solution of nonlinear Schro¨dinger equations
We consider the nonlinear Schro¨dinger equations (1a) and (1b)
i∂tψs = −1
2
κs∂
2
zψs −
ωsn2
nsAss
|ψs|2ψs +
[
∆ωs(z) + iγs + κs
2∑
j=1
Ds;jδ(z − zj)
]
ψs + Js(t)δ(z − z0)
(A1a)
i∂tψe = −1
2
κe∂
2
zψe − 2
ωen2
neAse
|ψs|2ψe +
[
∆ωe(z) + iγe + κe
2∑
j=1
De;jδ(z − zj)
]
ψe + Je(t)δ(z − z1)
(A1b)
In the equations, ∆ωs,e(z) = ω
(cut)
s,e (z)− ωs,e is the cutoff frequency variation and
κs,e =
c2
ωs,en2s,e
. (A2)
The subscripts s, e refer to the WGS and the WGE respectively. The values of the
parameters used in our numerical simulations are defined as follows. The speed of light
c = 3 · 108 m/s, the WGS central frequency ωs/2pi = 225 THz, and the WGE frequency
ωe/2pi = 195 THz. For the silica fiber considered, we set the refractive indices at these
frequencies equal to ns = ne = 1.47. The nonlinear refractive index is n2 = 2.5·10−8 µm2/W.
The terms γs,e are the attenuation constants determined by the losses of our system; their
values are set to γs = γe = 3 MHz, which corresponds to a Q factor of ∼ 2·108. The coupling
coefficients are set to Ds,1 = Ds,2 = i0.005 µm
−1 for the WGS and De,1 = De,2 = i0.05 µm−1
for the WGE. The effective mode areas in Eqs. (A1) are given by
14
Ase =
( ∫∫
dS
∣∣Fs(r, φ)∣∣2)( ∫∫ dS∣∣Fe(r, φ)∣∣2)∫∫
dS
∣∣Fs(r, φ)∣∣2∣∣Fe(r, φ)∣∣2
Ass =
[ ∫∫
dS
∣∣Fs(r, φ)∣∣2]2∫∫
dS
∣∣Fs(r, φ)∣∣4
(A3)
where Fs,e(r, φ) are the transversal modal distribution of WGS and WGE [1]. In order to
calculate the effective mode areas, we need to evaluate these integrals. The transversal
modal distribution are approximated by the Airy functions:
Fs,e(r, φ) ∼= eims,eφ Ai[(2m2s,e)1/3(1− r/r0) + ζi] (A4)
Here azimuthal quantum numbers ms,e are related to the frequencies and the fiber radius
r0 by ms,e = ωs,ens,er0/c and ζi are the zeros of the Airy function. For the particular
frequencies used and a fiber radius r0 = 20 µm, and the first radial mode with ζ1 = −2.338,
the effective mode areas are Ass = 170.7 µm
2 and Ase = 161.8 µm
2.
We approximate the delta functions in Eqs. (A1) by the functions 1
pid
sech [(z − zj)/d]
with d = 2.5 µm. Here d determines the characteristic size of the microfiber-FS coupling.
We have chosen a Gaussian pulse as the source Js(t). In particular, for our simulations,
Js(t) = exp[−(t − t0)2/τ 20 ] where t0 = 1 ns and τ0 = 0.3 ns. The weak signal source Je(t)
corresponds to a CW signal with frequency ωe + δωe, where δωe is the detuning chosen so
that ωe + δωe is equal to the eigenfrequency of the WGS potential.
In our numerical simulations, we use the dimensionless version of Eqs. (A1) by introduc-
ing dimensionless variables
τ =
t
T0
; ξ =
z
L0
; ψˆs,e =
ψs,e√
P0
; (A5)
which gives
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i∂τ ψˆs = −1
2
κsT0
L20
∂2ξ ψˆs −
ωsn2T0P0
nsAss
|ψˆs|2ψˆs+
+ T0
[
∆ωs(z) + iγs + L0
2∑
j=1
Ds;jδj(ξ − ξj)
]
ψˆs +
T0
L0
√
P0
Js(τ)δ0(ξ − ξ0) (A6a)
i∂τ ψˆe = −1
2
κeT0
L20
∂2ξ ψˆe − 2
ωen2T0P0
neAse
|ψˆs|2ψˆe+
+ T0
[
∆ωe(z) + iγe + r
−1
ω L0
2∑
j=1
De;jδj(ξ − ξj)
]
ψˆe +
T0
L0
√
P0
Je(τ)δ1(ξ − ξ1) (A6b)
We choose time T0 by setting
κsT0
L20
= 1 so that
L0 =
√
ksT0 (A7)
In addition, we choose P0 by setting
ωsn2T0P0
nsAss
= 1 which gives
P0 =
c2Ass
ω2snsn2L
2
0
(A8)
Finally, we introduce the following dimensionless parameters and functions:
∆ωˆs,e = ∆ωs,e · T0; γˆs,e = γs,e · T0; Dˆs = Ds · L0; Dˆe = De · r−1ω L0; Jˆs,e = Js,e ·
T0
L0
√
P0
(A9)
As the result, Eqs. (A6) are presented in the dimensionless form:
i∂τ ψˆs = −1
2
∂2ξ ψˆs − |ψˆs|2ψˆs +
[
∆ωˆs + iγˆs +
2∑
j=1
Dˆs;jδj(ξ − ξj)
]
ψˆs + Jˆs(τ)δ0(ξ − ξ0) (A10a)
i∂τ ψˆe = −1
2
r−1ω ∂
2
ξ ψˆe − r−1ω η|ψˆs|2ψˆe +
[
∆ωˆe + iγˆe +
2∑
j=1
Dˆe;jδj(ξ − ξj)
]
ψˆe + Jˆe(τ)δ1(ξ − ξ1)
(A10b)
where rω = ωe/ωs = 0.87 is the ratio of frequencies,
η =
2neω
2
eAss
nsω2sAse
= 2rnrωrA (A11)
is the dimensionless height of the soliton potential (see Eq. (4)) where rA = Ass/Ase ∼ 0.95
is the ratio of effective mode areas and rn =
ne
ns
= 1 is the ratio of refractive indices. For
these parameters, the dimensional height of the WGS-induced potential is η = 1.435.
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Under quite general conditions [2], we assume that the relative cutoff frequency variations
of the FS at the WGS and WGE frequencies are equal:
∆ωs(z)
ωs
=
∆ωe(z)
ωe
(A12)
Taking this relation into account, we finally obtain:
i∂τ ψˆs = −1
2
∂2ξ ψˆs − |ψˆs|2ψˆs +
[
∆ωˆs(ξ) + iγˆs +
2∑
j=1
Dˆs;jδj(ξ − ξj)
]
ψˆs + Jˆs(τ)δ0(ξ − ξ0)
(A13a)
i∂τ ψˆe = −1
2
r−1ω ∂
2
ξ ψˆe − r−1ω η|ψˆs|2ψˆe +
[
rω∆ωˆs(ξ) + iγˆe +
2∑
j=1
Dˆe;jδj(ξ − ξj)
]
ψˆe + Jˆe(τ)δ1(ξ − ξ1)
(A13b)
We solve Eqs. (A13) numerically using the split-step Fourier method with a uniform grid
of 213 points in the time window of length p · T0, where p is an integer that depends on the
particular simulation scenario and T0 = 100 ps. For example, p = 200 for the transportation
of the WGE in Figs. 3 (a1)-(e1) of the main text.
A2. Effect of propagation losses and comparison with a weaker carrier pulse
Traveling between stops, WGS and WGE experience absorption and scattering losses.
The effect of these losses is characterized by the attenuation factors γs,e. The distance
that the WGS and the WGE can travel without significant attenuation also depends on
the speed of the WGS, which is determined by the shape of the source in Eq. (A1a) and
the deviation of the frequencies ωs,e from the corresponding cutoff frequencies. Here, we
investigate the effect of losses by considering the propagation of a WGS in a microdevice
with two microfibers, MF0 and MF1, having the coupling parameters indicated in Appendix
A1. A WGS launched from MF0 passes MF1 and then propagates along the uniform part of
the FS. Fig. A1(a) shows the evolution of the WGS with an attenuation factor of γs = 300
MHz (corresponding to Q = 2 × 106 at frequency ω/2pi = 190 THz). The plot shows that
the WGS is not fully formed and does not reach MF1. If we reduce the attenuation factor
to γs = 30 MHz (Q = 2 × 107), the WGS is formed as shown in Fig. A1(b). However,
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the soliton quickly decays, in particular, after passing MF1 where it experiences additional
losses of energy due to the coupling with MF1. In Fig. A1(c), γs = 3 MHz (Q = 2 × 108).
In this case, which has been considered in the main text, a WGE can be formed and survive
a few millimeters of transportation. In Fig. A1(d), the attenuation is reduced further to
γs = 0.3 MHz (Q = 2× 109). This value for the attenuation factor is feasible [3] and allows
our microdevice to transport the WGE from one microfiber to the other without significant
losses. Finally, for comparison, Fig. A1(e) shows the linear and lossless propagation of a
pulse launched from the vicinity of MF1, which has the same original shape as the WGS
which has just passed MF1 in Fig. A1(d). The propagation of this pulse was calculated by
setting γs = 0 and n2 = 0 in Eq. (A1a). It can be seen that, due to dispersion, this pulse
strongly decays before reaching MF1. In addition, as it follows from the inset in Fig. A1(e),
the speed of the pulse spreading is comparable with its group velocity.
A3. The damage threshold and temperature effects
The damage on the optical fiber induced by the CW radiation is usually due to melting
as a result of light energy absorption. However, pulses shorter than ∼ 1 ns can damage
the optical fiber by other processes including dielectric breakdown in the material (electron
avalanche) caused by the strong electric field (see [4-6] and references therein). The threshold
for optical damage of short pulses depends on the pulse central frequency and its intensity
distribution in space and time. The threshold values experimentally determined previously
are characterized by the value of fluence F defined as the average energy of the pulse per
its unit cross-sectional area. Roughly assuming that F ∼ ω0.4 [4] and using the data of Ref.
[5] we find that the threshold fluence for a pulse with duration of 0.1-1 ns is 10-50 J/cm2.
These values might not be directly applicable to the WGS due to the specific geometry of our
problem and they can significantly vary depending on experimental conditions. However,
we believe that they can serve as reasonable estimates for the problem considered here.
We calculate the fluence F of the WGS using the soliton model described by Eq. (2) of
the main text which yields
F =
1.76c2
ω2snsn2vL
(A14)
Here L and v are the FWHM and the speed of the WGS. In Fig. A2, expanding Fig.
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FIG. A1: Effect of losses on the WGS propagation for different attenuation constants: (a) γs =
300 MHz. (b) γs = 30 MHz. (c) γs = 3 MHz. (d) γs = 0.3 MHz. (e) Linear and lossless propagation
of a WGS. The inset shows the evolution of the soliton profile as it disperses.
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FIG. A2: Variation of maximum of the WGS power along the fiber. Insets correspond to the WGS
spatial profile at the particular WGS positions indicated on the figure.
3(c1) of the main text, we show the evolution of the WGS maximum along the FS. The
insets show the spatial profile of the soliton at certain positions in between microfibers
and during the slowdown at MF1 indicating its FWHM, maximum power, and speed. The
WGS fluences found from Eq. (A14) and indicated in the insets are within the range 7-35
J/cm2 corresponding to the possible damage threshold values according to the estimate made
above. While further investigation is needed to establish the actual damage threshold of our
microdevice, we would like to note here that, as it follows from Eq. (A14), optimization of
the WGS parameters leading to a larger FWHM and speed allows to reduce the value of F
significantly.
The propagation of WGS and WGE is controlled by dramatically small variations of the
cutoff frequencies along the FS length. Therefore, we have to ensure that these variations are
not affected by the temperature variation caused by the WGS propagation or, alternatively,
take them into account in our modeling. Attenuation of the WGS power is primary due
to absorption and scattering effects, while only the absorption of power contributes to fiber
heating. Let us assume that the latter effect is determined by an attenuation coefficient
γabs = 1 MHz. Since the characteristic cutoff frequency variation and WGS bandwidth
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∆ω ∼ 1GHz  γabs, we can estimate the WGS spatial attenuation constant in the linear
approximation as (see e.g. [2])
α = 21/2nsc
−1ω1/2s Im
[(
∆ω + iγabs
)1/2] ∼= 2−1/2nsc−1ω1/2s ∆ω−1/2γabs = 4 m−1 (A15)
From our numerical simulations shown in Fig. A1(c) and Fig. A1(d), we find α = 7 m−1
for γs = 3 MHz and α = 1.5 m
−1 for γs = 0.3 MHz. Since only a part of this attenuation
contributes to heating, we assume α = 1 m−1. Other parameters of the WGS and FS are
set as follows. Heat capacity and density of silica are Cp = 0.7 J/g ·K and ρ = 2.65 g/cm3;
the WGS cross-section, FWHM, speed, and peak power are As = 200 µm
2, L = 100 µm,
v = 1 mm/ns, and P0 = 100 kW, respectively. Then, the WGS heating energy is ∆E =
P0L2
v
= 10−9 J and the mass of the FS occupied by the WGS is m = ρAsL = 5 · 10−8 g.
The corresponding change in temperature is ∆T = ∆E
mCp
= 0.03 K. Using the value of
dn
dT
= 1.3 · 10−5 K−1 for silica, we find the shift of the cutoff frequency
∆ωT/2pi =
ωs
2pins
dn
dT
∆T = 10−2 GHz (A16)
This value is noticeably smaller than the characteristic cutoff frequency variation used in
our calculations. Generally, the heating effect can be taken into account by modification of
the nonlinear Schro¨dinger equations considered here.
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